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derstanding	 the	 diversification	 of	 signals	 for	 animal	 communication	 is	 a	 central	
endeavor	in	evolutionary	biology.	Over	the	last	decade,	the	rapid	development	of	phy-
logenetic	 approaches	 has	 promoted	 a	 stream	 of	 studies	 investigating	 evolution	 of	
communication	signals.	However,	comparative	research	has	primarily	focused	on	vis-
ual	and	acoustic	signals,	while	the	evolution	of	chemical	signals	remains	 largely	un-
studied.	 An	 increasing	 interest	 in	 understanding	 the	 evolution	 of	 chemical	
communication	 has	 been	 inspired	 by	 the	 realization	 that	 chemical	 signals	 underlie	
some	of	the	major	interaction	channels	in	a	wide	range	of	organisms.	In	lizards,	in	par-
ticular,	chemosignals	play	paramount	roles	in	female	choice	and	male–male	competi-
tion,	 and	 during	 community	 assembly	 and	 speciation.	 Here,	 using	 phylogenetic	
macro-	evolutionary	 modeling,	 we	 show	 for	 the	 very	 first	 time	 that	 multiple	 com-
pounds	of	scents	for	communication	in	lizards	have	diversified	following	highly	differ-
ent	 evolutionary	 speeds	 and	 trajectories.	 Our	 results	 suggest	 that	 cholesterol,	
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of	studies,	which	have	flourished	with	the	development	of	phyloge-
netic	 approaches	 designed	 for	 comparative	 analyses	 (Chen,	 Stuart-	
Fox,	Hugall,	&	Symonds,	2012;	Derryberry	et	al.,	2012;	Mason,	Shultz,	
&	Burns,	2014;	Ratcliffe	&	Nydam,	2008).	As	a	result,	the	implemen-








traits	 during	 communication,	 systems	of	 production	 and	delivery	 of	
signals	 are	 known	 to	be	 shaped	by	multiple	 extrinsic	 (e.g.,	 resource	
availability,	population	density,	sex	ratios)	and	intrinsic	(e.g.,	phyloge-
netic	 inertia)	 factors.	 Indeed,	 both	 sexual	 and	 natural	 selection	 can	
often	operate	 in	 coordination	or	antagonistically	 to	 shape	 the	 same	
signal.	 For	 example,	while	 signal	 expression	 can	 positively	 correlate	




























2013).	Despite	 these	difficulties,	 some	accelerated	 improvements	 in	













to	 play	 paramount	 roles	 in	 social	 and	 sexual	 interactions	 (Labra	 &	










cumulating	evidence	suggests	 that	 this	mechanism	 is	 fundamentally	
mediated	by	chemical	signals	(i.e.,	chemical	compounds	or/and	a	mix-
ture	of	them;	Martín	&	López,	2014,	2015)	from	secretions	produced	









consequently,	 the	 fundamental	 basis	 of	 communication	 underlying	
population	stability	(Martín	&	López,	2013;	Martín	et	al.,	2015).	Also,	








macro-	evolutionary	 diversification	 of	 chemical	 compounds	 found	 in	
femoral	 and	 precloacal	 secretions	 produced	 by	 lizards	 to	 engage	 in	
social	 communication.	Among	 reptiles	 in	general,	 species	of	 the	 su-







ideal	 point	 of	 reference	 to	 quantitatively	 characterize	 evolutionary	
variation	of	chemical	traits	underlying	communication.	Specifically,	we	
investigate	the	evolutionary	trajectories	and	rates	of	diversification	of	
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particular	chemical	compounds	over	time,	by	employing	phylogenetic	
modeling	of	 the	 relative	proportion	of	each	compound	measured	 in	
the	secretions	of	each	species.
2  | MATERIAL AND METHODS
2.1 | Study species
We	 gathered	 a	 comprehensive	 dataset	 encompassing	 20	 lacertoid	
species	 for	 which	 the	 detailed	 chemical	 composition	 of	 their	 male	





















abundant	compound	 found	 in	 lizard	 secretions,	which	 is	 thought	 to	











(Othman	&	Moghadasian,	 2011);	 (4)	 ergosterol	 (i.e.,	 provitamin	D2),	
a	common	steroid	 that	acts	as	a	metabolic	precursor	of	vitamin	D2,	




on	quantitative	 traits	 (Olsson	et	al.,	1998);	 (5)	9,12-	octadecadienoic	
acid	(i.e.,	 linoleic	acid)	 is	a	unsaturated	fatty	acid,	costly	to	obtain.	It	
has	been	attributed	 important	 functions	 in	metabolism,	 and	 thus,	 it	
might	act	as	an	 indicator	of	male	 “quality”	 (Martín,	Chamut,	Manes,	
&	López,	2011;	Weldon	et	al.,	2008);	(6)	α-	tocopherol	(i.e.,	vitamin	E),	
usually	 found	 in	 lizard	 species	 in	 high	 proportions.	 It	 is	 believed	 to	
have	 antioxidant	 properties,	 protecting	 other	 compounds	 in	 secre-
tions	(Brigelius-	Flohe	&	Traber,	1999;	Wolf,	Wolf,	&	Ruocco,	1998).	












ThermoQuest	 Trace2000	 GC	 fitted	 with	 a	 poly	 (5%	 diphenyl/95%	
dimethylsiloxane)	column	(Supelco,	Equity-	5,	30	m	length	×	0.25	mm	
ID,	0.25	μm	film	thickness)	and	a	Finnigan-	ThermoQuest	Trace	mass	
spectrometer	as	 the	detector.	We	conducted	splitless	 sample	 injec-
tions	(2	μl	of	each	sample	dissolved	in	n-	hexane)	with	helium	as	the	
carrier	gas,	and	injector	and	detector	temperatures	at	250	and	280°C,	













2.4 | Phylogenetic macro- evolutionary analyses
To	 quantify	 the	 evolutionary	 diversification	 of	 the	 selected	 com-
pounds,	 we	 employed	 phylogenetic	 macro-	evolutionary	 analyses	
based	on	a	model-	selection	approach.	These	analyses	were	performed	
on	a	time-	calibrated	molecular	phylogenetic	tree	for	our	focal	lizards,	
extracted	 from	 Pyron,	 Burbrink,	 and	 Wiens’s	 (2013)	 supertree	 for	
squamate	reptiles	(lizards	and	snakes).
We	compared	the	tempo	and	mode	of	evolutionary	diversification	
of	 the	 individual	 chemical	 compounds	 along	 the	 phylogenetic	 tree	
against	a	range	of	models	that	describe	the	directionality	and	speed	of	
trait	evolution	during	a	lineage’s	history.	We	first	compared	four	evo-
lutionary	models:	 a	 traditional	Brownian	motion	model	 (BM),	which	





assumes	 that	 once	 traits	 have	 adaptively	 evolved,	 stabilizing	 selec-
tion	pulls	 the	 trait	values	around	an	adaptive	optimum	for	 the	 trait.	
An	early-	burst	or	“niche-	filling”	model,	which	describes	exponentially	














is	 determined	 by	 identifying	 the	 lowest	AICc	 score,	which	 equals	 0	





cation	 has	 been	 influenced	 by	 stabilizing	 selection	 promoting	 con-
vergences	of	the	traits	around	one	or	more	peaks	on	a	“Simpsonian	
landscape”),	 by	 employing	 the	 R	 package	 “surface”	 (Ingram,	Mahler,	
&	Hansen,	2013;	Mahler,	Ingram,	Revell,	&	Losos,	2013).	The	surface	
method	 fits	 an	 adaptive	 radiation	 model	 in	 which	 lineages	 on	 the	
studied	 phylogeny	 may	 experience	 convergent	 shifts	 toward	 adap-
tive	optima	on	the	above-	mentioned	macro-	evolutionary	Simpsonian	
landscape.	 Importantly,	 this	model	 does	 not	 assume	whether	 some	
lineages	 correspond	 to	 particular	 optima.	 Based	 on	 an	 OU	 model	







ative	 disparity	 across	 linages.	We	 performed	 disparity-	through-	time	
(DTT)	 analyses.	 This	 analysis	 firstly	 calculates	 the	 average	 disparity	
for	each	trait	over	time	(Hipsley,	Miles,	&	Muller,	2014;	Ingram,	2015;	




size	disparity	obtained	 from	both	 the	 real	and	 the	simulated	data	 is	
plotted	against	 the	age	of	 the	nodes	 to	calculate	 the	morphological	
disparity	 index	 (MDI).	This	 index	quantifies	 the	overall	 difference	 in	
relative	 disparity	 for	 the	 studied	 trait	 among	 and	within	 subclades	 
(i.e.,	differences	in	the	range	of	variation)	compared	with	the	expecta-
tion	under	the	null	BM	model	of	evolution	(Slater	et	al.,	2010).	More	














3.1 | Relative amount of species chemical 
compounds in the study
Our	 analyses	 reveal	 that	 cholesterol	 is	 the	 predominant	 compound	
in	our	species	 (73.61%),	 followed	by	α-	tocopherol	 (9.96%),	campes-
terol	 (7.61%),	 cholestanol	 (3.98%),	 cholesta-	5,7-	dien-	3-	ol	 (1.98%),	
9,12-	octadecadienoic	acid	 (1.28%),	ergosterol	 (1.19%),	 and	stigmas-
terol	(0.39%;	Figure	1).	All	these	values,	however,	vary	in	the	overall	
chemical	profile	description	of	each	species	(see	Table	S1	for	details).
3.2 | Tempo and mode of compound diversification
Our	 analyses	 comparing	 the	 four	 models	 of	 evolution	 performed	





the	BM	model	 best	 described	 the	 evolution	of	 the	 remaining	 com-








(i.e.,	 higher	 values	 than	 expected	 under	 BM	 model).	 However,	 the	
evolutionary	 trajectories	 varied	 considerably	 among	 compounds.	
While	 campesterol	 (MDI	=	0.31),	 stigmasterol	 (MDI	=	0.84),	 
ergosterol	 (MDI	=	0.81),	 9,	 12-	octadecadienoic	 acid	 (MDI	=	0.51),	
α-	tocopherol	 (MDI	=	0.42),	 and	 cholestanol	 (MDI	=	0.58)	 showed	
initial	 steep	 increases	 in	 relative	 disparity	 (in	 some	 cases	 slightly	
above	the	95%	CI),	relative	disparity	of	cholesterol	(MDI	=	0.04)	and	
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cholesta-	5,7-	dien-	3-	ol	(MDI	=	0.31)	decreased	early	during	the	clade’s	
history	 (Figure	2).	 In	 fact,	 the	cholesterol	DTT	plot	 reflects	an	over-
all	tendency	to	decrease	over	time.	Only	in	the	more	recent	segment	
of	the	clade’s	phylogenetic	history	 (around.	6	Myr),	relative	disparity	
increases	 slightly	 above	 the	 upper	 limit	 of	 the	 95%	 CI.	 Prominent	
increases	 and	 decreases	 are	 observed	 in	 the	 relative	 disparity	 of	
stigmasterol,	 ergosterol,	 α-	tocopherol,	 cholestanol,	 and	 cholesta-	5, 
7-	dien-	3-	ol	plots,	between	140	and	10	Mya,	sometimes	exceeding	the	
95%	CI	(Figure	2).	Finally,	diversification	of	each	compound	across	the	
phylogeny	 shows	 strong	 morphospace	 overlapping	 in	 the	 ancestral	
trajectories	of	their	evolution	(Figure	3).
4  | DISCUSSION
Our	 study	provides	 the	first	 analysis	 investigating	 the	phylogenetic	
macro-	evolutionary	diversification	dynamics	of	chemical	signals	em-









pounds	might	diversify	 independent	 from	 the	other	 components	of	
the	scents,	we	suggest	that	chemical	signals	could	embody	a	complex	






















some	 species	 experienced	 changes	 toward	 reduced	 proportions	 or	
even	total	disappearance	of	the	compound.	Given	its	structural	func-
tion,	 the	 diversification	 of	 the	 relative	 abundance	 of	 cholesterol	 in	
chemical	 secretions	might	be	subject	 to	selective	pressures	exerted	
by	 environment.	 Intriguingly,	 the	 evolution	 of	 cholesterol	 seems	
to	 follow	an	 inverted	pattern	with	 respect	 to	α-	tocopherol	 in	 some	





evolution	across	 lineages.	This	 fact	would	be	especially	expected	 in	
components	 such	 as	 cholesterol,	 cholesta-	5,7-	dien-	3-	ol,	 ergosterol,	
and	α-	tocopherol,	given	that	their	relative	proportions	 in	the	scents	
are	mediated	by	physiological	 trade-	offs	arising	 from	the	high	costs	
involved	 in	 their	 production	 (Kopena	 et	al.,	 2011;	Martín	 &	 López,	
2006d,	2007,	2012,	2015).	Therefore,	physiological	costs	to	allocate	







Linage Model Model parameters β LogL AICc ΔAICc
Cholesterol BM – 2187.89 −117.59 239.72 2.52
OU α = 2.72 4000.40 −115.02 237.20 0.00
EB α	=	−0.00 2187.89 −117.58 242.32 5.12
Delta δ	=	2.99 941.34 −115.63 238.40 1.20
Campesterol BM – 67.53 −74.11 152.77 0.00
OU α = 0.02 67.99 −74.11 155.37 2.60
EB α	=	−0.00 67.53 −74.11 155.37 2.60
Delta δ	=	1.63 47.35 −73.97 155.10 2.33
Stigmasterol BM – 0.57 −14.42 33.40 0.00
OU α = 2.72 1.17 −13.30 33.75 0.34
EB α	=	−0.00 0.57 −14.42 36.00 2.60
Delta δ	=	2.99 0.26 −13.25 33.65 0.24
Ergosterol BM – 8.46 −48.14 100.84 0.00
OU α = 0.00 8.46 −48.15 103.44 2.60
EB α	=	−0.21 10.12 −48.15 103.43 2.59
Delta δ	=	2.05 5.12 −47.91 102.97 2.13
9,12-	Octadecanoic	acid BM – 5.40 −42.53 89.61 0.00
OU α = 0.00 5.40 −42.53 92.21 2.60
EB α	=	−4.79 230.55 −41.57 90.30 0.68
Delta δ	=	0.99 5.43 −42.53 92.21 2.60
Tocopherol BM – 417.73 −96.89 198.33 0.38
OU α = 2.71 832.20 −95.40 197.95 0.00
EB α	=	−0.00 417.74 −96.89 200.93 2.98
Delta δ	=	2.99 187.65 −95.47 198.09 0.14
Cholestanol BM – 88.21 −77.45 159.45 0.00
OU α = 2.71 179.63 −76.23 159.62 0.17
EB α	=	−0.00 88.21 −77.45 162.05 2.60
Delta δ	=	2.99 40.26 −76.23 159.61 0.16
Cholesta-	5,7-	dien-	3-	ol BM – 25.82 −62.09 128.74 5.37
OU α = 2.71 42.13 −58.11 123.37 0.00
EB α	=	−0.00 25.82 −62.09 131.33 7.97
Delta δ	=	2.99 10.55 −59.49 126.13 2.76
Data	values	are	based	on	comparing	four	evolutionary	models.	Fitted	models	are	Brownian	motion	(BM),	Ornstein–Uhlenbeck	(OU),	early-	burst	(EB),	and	
delta.	Best	fit	of	models	based	on	(delta)	bias-corrected	Akaike	information	criteria	(AICc).
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among	compounds	differ	 substantially	 across	 species	 (Figures	2	and	
3).	These	findings	 lead	us	again	to	reinforce	the	hypothesis	that	the	
chemical	 network	which	 all	 compounds	 are	part	 of	 is	 evolutionarily	
labile	 given	 that	 different	 factors	 (i.e.,	 different	 selection	 pressures)	
can	target	different	compounds	rather	independently	to	shape	the	op-
timal	relative	proportion	of	the	chemical	components	needed	to	make	





Garrido,	 Pérez-	Cembranos,	 &	 Pérez-	Mellado,	 2013;	 Martín	 et	al.,	




&	Martín,	 2012).	However,	 not	 only	 structural	 compounds	 play	 key	
roles	in	the	efficiency	of	signal	production	and	delivery	in	lizard.	Some	
steroids	(e.g.,	cholesterol,	campesterol,	stigmasterol,	and	cholestanol),	
as	 well	 as	 α-	tocopherol	 and	 fatty	 acids	 (e.g.,	 9,12-	octadecadienoic	
acid),	 have	 been	 associated	with	 lizard	 health	 conditions	 (Martín	&	




&	 López,	 2015).	 Thus,	 these	 compounds	 that	 provide	 information	
about	 “quality”	 of	 the	 signaler	 have	 increasingly	 been	 suggested	 to	
generate	variance	 in	 the	 chances	 of	 getting	 access	 to	 sexual	mates	
among	males	during	both	male–male	interactions	(Martín	et	al.,	2007)	
and	female	mate	choice	(Martín	&	López,	2000,	2006d).	Therefore,	as	














versification,	 thus	 playing	 roles	 during	 the	 causes	 and	 the	 conse-
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provides	a	starting	baseline	 to	highlight	 the	need	 to	continue	with	
studies	 of	 a	 similar	 nature,	 but	 replicated	 across	 other	 organisms.	
Ecological	 pressures	 responsible	 for	 natural	 selection	operating	on	









numbers	 of	 species	 for	which	 data	 on	 the	 chemical	 composition	 of	
their	signals	are	available,	as	well	as	the	compounds	whose	function-
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numbers	of	species	and	compounds	is	therefore	an	important	need	to	
expand	our	understanding	of	the	evolution	of	this	dimension	of	animal	
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